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Abstract

Observations of total solar irradiance from space within the last two decades convineed
the skeptics that total irradiance varies over a wide range of periodicities: from minutes
\ to the 11-year solar activity cycle. Analyses basal on these space-borne observations have
demonstrated that the irrad iance variations arc d ircct ly related to changes at the photo-
sphere and the solar interior. 1t has been shown that the long-term irradiance changes over
thie solar cycle represent real luminosity changes.  Theoretical considerations and mod-
cling cfforts indicate that irradiance models based on the sur face manifestations of” solar
magnetic activity are not suflicier it to explain al the aspects Of the observed irradiance
variations. Global effects, suclhi as changes in the solar diameter , surface temperature, the
differential rotation in the SuUnN’s interior, solar dynai no magnetic ficlds near the bottom
of the convectivezone, and largescale convective CElS may also produce variations in
total irradiance. These results underscore the importance of space irradiance monitoring
programs and demonstrate that high pr ecision and accurate irradiance observations are

incvitable to study the climmate response to solar variability.

1 Introduction

The accurate knowledge of thesolar radiation received by t he lsarth and its temporal variations
is critical for an understanding of the role of solar variability in climate changes and the climate
response Lo increasing greenhouse gas concentrations. The value of the integrated solar energy
flux over the entire spectrum, hence total irradiance, arriving at the top of the terrestrial
atmospherc at the mean Sun-Iarth distance is called “solar constant”. The concept of the solar
constant was introduced in the last century. The first measurements of the direct solar radiation
were performed by Pouillet in 1837. Continuous observational programs of total solar irradiance
to detect its variability started as carly as the beginning of this century at the Smithsonian
Institute; first fromn high altitude nountain stations, later onfrom balloons and aircraft,. The

first attempts to mcasure total irradiance outside of the terrestrial atmosphere were made in




the sixtics from rockets and t he Mariner space probes.  110WCVC], thesce early measurements
were inconclusive and could not reveal real solar changes in total irradiance because of the lack
of suflicient radiometric precision and the sclective absorption of the terrestrial atinosphere [1 ].

Jonsiderable improvement in radiometry took place in the sixties, when a new generation
of radiometers, the so-called clectrically self-calibrating active cavity radiometers, were devel-
opedin various U.S. and Furopean institutions [2,3,4,5]. These new radiomecters are capable of
measuring total solar irradiance with an absolute accuracy of -t 0.2(%, the precision of the mea-
surem cn ts, however, IS much higher. In addition to the significant improvement in radiometry,
long-term flight opportunities from various satellite platforins have inade it possible to monitor
total solar irradiance above the Isarth’s atinosphere since the late seventics.

Irradiance observations performed from space within the last two decades established con-
clusively that the value of the solar constant is not constant and the variations in total solar
radiance from days to years are directly related to changes at the photosphere and in the
solar interior [6,7,8]. Alth ougli the existence of p ossible global changes basal on the changing
solar output had been doubted and debated for a long time, the results of various space ex-
periments for monitoring totalirradiance opened an exciting new cra in both atmospheric and
solar physics. One of the main interests 1S t0 reconstruct solar irradiance changes back to the
time of the Maunder Minimum (1645 1705), when the unexceptionally low magnetic activily
of’ the Sunwas accompanied with a cold period in Burope and the Atlantic region, known as
Little Jee Ages [9,10]. Inaddition to the climate implication of total irradiance variations, the
observation and interpretation of total irradiance variability have aso led to new ways of u -
derstanding of the structure and the dynamics of the Sunon a global scale. The ultimate goal
IS to uncover how and why the Sun is changing on human times scales in order to reconstruct

and predict the solar-induced cliinate changes.
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2 Variations Observed in Total Solar 1 rradiance

The time series of various space obscrvations of total solar irradiance arc plotted in Iig. 1,
which has been provided by the SOHO/VIRGO Science ‘1 ‘cam for this paper [11]. The different
scale of these measurements isrelated to the absolute accuracy (:410.2%) of the calibration of the
individual instruments ['7]. Becausc of the low absolute accuracy of the current total irradiance
measurements, it is extrenely diflicult to maintain Iong -term homogenous irradiance datasets,
especially when there arc interruptions in the observed data.

The first and longest high precision space total irradiance monitoring program was carried
oul by radiorneter HI¢ of the “Farth Radiation Budget” (BERB) experiment on the Nimbus-7
satcllite between November 1978 and January 1993 [1 2]. The “Active Cavity Radiometer Irra-
diance Monitoring 1° (ACRIM 1) experiment on the Solar Maximum Mission (SMM) satellite
was launched on February 14, 1980 and was operated by the end of November 1 989 [1 3]. The
ACRIM 1 experiment, was followed by the ACRIM I onboard the Upper Atmosphere Rescarch
Satellite (UARS), which was launched in September 1991 [14] and it is still operating as of this
time. Instruments almost identical to ACRIM have been flown by NASA’s “} sarth Radiation
Budget Ioxperiment” (13RBE) on board the Farth Radiation Budget. Satellite (1XRBS) since
October 1984 and on the NOAAY9 aud NOAA] O satellites since January 1985 and October
1 986, respectively [15]. The UARS/ACRIM 11 irradiance values plotted in Fig. 1 have been
adjusted to the ACIRIM 1 level via the intercomparison of the two sets of ACRIM data with
the FRBJIF and SRBS irradiance measurements [16].

The “SOlar Variability” (SOVA)experiment on board the FUropean REtrievable CArrier
(KURECA) was launched on July 31, 1992 andit was retrieved in June 1993. The SOVA
experiment consisted of two types of absolute radiometers: the “Diflerential Iual Absolute Ra-
diometer” (])]A]{,A])) of the SOVATexperiment [1 7] and the PMO-6 type of absolute radiome-
ter of the SOVA2 experiment [1 8]. In addition to the radiometers, both SOVA1 and SOVA2

experiments included sunphotometers which measured solar spectralirradiance between 335
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Time serics of various space-borne irradiance experiments are presented from the late

1 was provided for this paper by the courtesy of the



and 862 nm. Morce recently, total solar irradiance has been monitored by the “Variability of

Mradiance Gravity Oscillations” (VIRGO) experiment on board the SOlar Heliospheric Ob-
servatory (Sol 1()). The VIRGO experiment carries two radiorneters (1)1 A RAIY and 1’ MOG-V),
sunphotometers measuring spectra] irradiance at 402, 500, and 862 nm, and a low resolution
“Luminosity oscillation Imager” (1,01) [1 9]. The SOHO/VIRGO observations provide unique
irradiance datasets since S0110 is placed at the Sun-Earth Lagrange 1 (1.1) point, where con-
tinuous observations of the Sun arc possible.

Although the absolute accuracy of the totalirradiance measurements is limited to about,
-1 ().2%1, the precision and stability of the instruments is much better, which makes it possible to
study the relative variations in total irradiance. As illustrated inlig. 1, total solar irradiance
varies over a wide range of periodicitics. The most important discovery of the satellite-l)ascd
irradiance observations is that total solar irradiance varies by about a small fraction of 1 %
over the solar cycle, being higher during maximum solar activity conditions [6,7]. This solar-
cycle-related variation of total solar irradiance is attributed to the changing cinission of bright
magnctic clements. It has been demonstrated that the active regions faculac alone fails by
more than afactor of two in explaining the solar-cycle-related long-term changes [20]. A third
component, the so-called “active network” has been introduced to explain the observed long-
term irradiance changes [21]. 1t has been shown that the long-term irradiance changes may
also be related to variations inthe photospheric temperature [20], however, it isnot yet clear
whether this change can be linked with the bright network component.

The short-terin changes on time scales of days to months arc associated with the evolution of
active regions via the combined eflect of dark sunspots and bright faculac [22]. T'he most striking
cvents in the short-term irradiance changes are the sumpot-related dipsin totalirradiance with
an amplitude up to 0.3%, wherecas faculae can cnhance the total flux with an amplitude of
shout ().08% [23]. A particular dipin total irradiance, observed in late June and carly July
of 1988 is presented in Fig. 2. The solid line on the lower pancl shows the ACRIM 1 total

irradiance. The corresponding solar images, taken at the San Fernando Obscrvatory, California



. - T e - .
B R I O I o O O O R T O T A T T A T R O S B A BV

NT
1T 17111 LR ‘171 Tt ],_1“] | P il |
--20 —~15 -lo -5 0
Days from 1.July 1969

TV ITTTrTTYTTI O T YT vt
10 15 20

Fig. 2.: An individual dip in totalirradiance caused i

by alarge sunspot group inlate June
and carly July, 1988 is presented on the lower panel. The solid line shows the SMM /ACRIM
| total irradiance, the dashed line shows the 1'S1 model of sunspots. The corresponding solar
images, taken at the San Fernando Observatory, California State University at Northridge, arc

presented on the upper pancl (the plot was provided by courtesy of G. A. Chapman).




State University at Northridge, are presented in the upper panel. As can be scen, when the
active regions move onto and rotate out of the solar disk, the effect of bright faculac causcs
small enhancements in total irradiance. The effect of sunspots is becoming dominant when the
active region moves across the center of the solar disk. The dashed line on the lower pancl
shows the “Photometric Sunspot Index” (I’S1), which represents a simple model of the effect,
of sunspots on total irradiance [23]. PSI relates the arca, position and contrast of sunspots to
a net eflfect on the radiative output of the observed solar hemisphere and it is corrected for the
limh darkening.

Figs. 3a,b show the relationship between the 1'S] model and total solar irradiance for the
time interval of 1980 1o 994. Note that the original PSI model assumed that the contrast of
sunspots was constant {23]. In contrast, results of sunspot photometry show that the contrast
of sunspots depends on their arca [24] and it changes as a function of the solar cycle [25].
The PSI model shown in Fig. 3b takes into account the arca dependence of the contrast of
sunspots [26]. As can be seen, dips in total irradiance always correspond to the peaks in the °Sl
modecl, convincing the skeptics that the darkening cflects of sunspots on total irradiance have
indeed been detected and the strong magnetic fields of sunspots can cause negative excursions
m the total flux. However, it is a rather surprising observational evidence that in spite of the
irradiance deficit due to sunspots, which are the most pronounced at solar maximum, total
solar irradiance varics in phasce with the solar cycle [6,7]. This indicates that while the strong
magnctic ficlds can reduce the energy transportation within the convective zone, the weak
magnetic fields are capable of carrying sufficient amount of extra energy to the solar surface to
enhance total irradiance at the time of solar maximum.

The total irradiance corrected for sunspot darkening (thercafter S.) is shown in Fig 3¢
indicating that the solar cycle variability of total irradiance would be considerably larger with-
out the effect of sunspots. Fig. 3d shows the combined Nimbus-7 and NOAA9 Mg 11 h & k
core-to-wing ratio (Mg ¢/w) [27]. The Mg ¢/w ratio is calculated from the UV irradiance in

the core of the Mg 280 nm line to the irradiance at, neighboring continuum wavelengths and
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Fig. 3.0 The Nimbus-7/ERB and SMM/ACRIM 1 and UARS/ACRIM 11 data are presented in
Iig. 3a, where the observed ACRIM 11 data (dashed linc) were adjusted to the SMM/ACRIM
] scale by [1 6]. The adjusted data arc shown with the solid line. Fig. 3b shows the 1'S1 model

of sunspots, Fig. 3c. gives the time series of the ACRIM irradiances after correcting them for

the sunspot, darkening. The combined Nimbus-7/SBUV1 and NOAA9/SBUV2 Mg 11 h & K

core-to-wing ratio is presented in Fig. 3d.




it has been proven as a good indicator of solay UV variability [28]. Since the formation of the
Mg 11 line is very similar to that of the Ca 11 K line, it is a reasonably good proxy to describe
the effect of the bright magnetic clements. AS can be seen from Iig. 3, S, and the Mg ¢/w
ratio vary in parallel over the solar cycle, indicating that the changing emission of the bright
fcatures is the main contributor to the long-term UV and total irradiance variations.

Since the Sun’s irradiance IS observed from one direction in space, it is diflic ult to determine
whether the observed irradiance variations represent true luminosity changes which occur in the
Sun’s radiation inall directions or they are stmply result of @ change in the angular dependence
of the radiation field emerging from the photosphere. It has been demonstrated [20,29] that
by integrating the solar limb brightness mecasurements, one can compute the solar luminosivy.
Using these Ihnb brightness observations, it has been shown that the ERB and ACRIM total
irradiance and the computed luninosity change in phase and relative amnplitude [20]. TTesce
results demonstrate that the long-term changes are realy luminosity changes, which may play
animportant role in global changes of the Farth’s climat e. An additional important question is
whether the short-terin changes in total irradiance arc yeal luminosity changes or they represent
asiinple re-distribution of the solar radiation by sunspots and active regions faculac [8].

Several theories for explaining the re-radiation mechanism 0f the missing energy in the
sunspot-rel ated irradi ance dips have been pout forward. Recent numerical convection In odels of
energy and inaterial flowing around asunspot do not indicate long-terin storage of the heat flux,
but show that most of the heat flux blocked by sulls~)ot-like objects - magnetic perturbations

rcappear at the surface; although some of the blocked flux is carried horizontally far from the
object [30,31 ]. In contrast, the “therinal diffusion theory” suggests that the reduced radiation
rc.suits instorage of the blocked heat flux as thermaland potential energy of the convective
zonc around a spot, and this energy is rc-radiated over thelong radiative relaxation time of
the layers eflected by the spots [32,33,34].
Another explanation suggests that the energy blocked by sunspots isstored in the magnetic

ficlds of thespots [35], in which case suuspots should cause dips in total irradiance during




the carly stage of their development, as shown by some of the statistical analyses  36,37].

Formation of sunspots results from the buoyant motion of flux tubes from S011)[! regior in the
solar interior, where the mnagnetic fields are generated. Since considerable energy is associated
with this motion, it is expected that the flux eruption perturbs the luminosity [38,39]. It, has
been suggested that a slow downward flow is” aso supposed to occur around the spots during,
their growing phase that is capable of transporting the blocked encrgy to surrounding regions
where it einerges as facular enhancement [40]. Results of active regions photometry indicates
that the facular excess flux compensates the spot deficit on active regions time scal e, over
several months [22,41 ]. These controversies indicate that one cannot rule out the possibility

that the short-term changes represent real ln ninosity changes.

3 M odcling Total Solar 1 rradiance Variations

The detection of total irradiance variations by space-borne experiments during the 1 ast two
decades stimulated modeling cfforts to help identify their causes and to provide irradiance
estimates when 110 satellite observations exist. Althiough considerable information exists about
the variations in total irradiance, the underlying physical incchanisins are not well-understood
as yet. 1 3ccausc of the lack of adequate quantitative physical models, one has to rely 011
empirical models based on “proxy indicators’ of solar activity. 1lowever, the fundament al
question is whether these empirical models can reasonably predict solar irradiance, especially

with the long-term precision required by climate studies.

3.1 Modeling Variations on A dive Regions Time Scale

The first models - the “Sunspot Blocking Function” and “Photometric Sunspot Index” were
developed to explain the effect of sunspots on total solar irradiance [23,32,42]. 1lowever, the
sunspot models can account for only about half of the variance in total irradiance [22]. The

obvious next step was to incorporate the effect of faculae into the models, which were the




potential contributors of the excess flux of total irradiance [23,43]. Results of photometry
of active regions indicated that the excess flux of faculac within an active region could not
compensate thie corresponding irradiance deficit,. caused by sunspots [22]. Inaddition, it was
found that innumcrous cases the cflect of sunspots was still clearly resolved after the 1°SI
1nodcel was su biracted from the observed irradiance values [44]. This residual variabil ity was
attributed to the changing ratio of the area of sunspots and faculac duri ng the cvolution of
activeregions [45]. Itwas also found that inadditionto theage of active regions, the rate of
growth in the arca of sunspots and their magnetic structure played an important role in the
short-term variations of total solar irradiance [46,4 7).

‘1’0 seek moreinsight into the role of the evolution of sunspots inirradiance changes, the
so-called “active” and “passive” sunspots were separated [46,47]. The “active sunspots” were
identified as newly formed and quickly developing sunspot groups. These sunspot groups always
had complex magnetic structure (y and/or § configuration), when the magnetic polaritics were
mixed within @ group and /or winbra of opposite polarities appeared within the same penum brae.
In addition, these sunspot groups were found to be associated with the largest solar flares and
were also idemtified as Dke, ke, and Fke types of sunspots in the Mclntosl 1 classifications
system [48]. The “passive sunspols” were defined as old sunspot groups with sim ple structure
andpormal(« or ) magnetic polarity conditions. AS an example, the time series of the ACRIM
1 totalirradiance and the projected area of the active and passive spots are presented for 1980
(solar maximuimn)and 1984-85 (solar minimum)inFig. 4. To describe the effect of faculae on
totalirradiance, the full disk equivalent width of the He-linc at 1083 nmn [49] is aso plottedin
IYig. 4 [36]. As can be seen, the dipsin total solar irradiance arc always associated with the
peaksinthe area of active sunspots. In contrast, the passive sunspots seemn to be associated
with the temporary enhancements of total irradiance and the peaks in the llc-line equivalent

width.

9
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cycle’21) (after [36]).



3.1.1. Results of Mullivariate Spectral Analysis

The combined effect of sunspots and bright mnagnetic regions on total solar irradiance has been
studied with multivariate spectral analysis [36]. The most important results of multivariate
analysis arc shown inlig.5. The upper panels represent the ACRIM 1 power spectra for the
maximun (1980) and minimumn (1984-1985) of solar cycle21. The shaded arcas indicate the
portion of the ACRIM 1 variance explained by the active spots, passive spots, and the bright
magnetic features represented by the }le-line at 1083 mn as a function of frequency. The lower
panels give the total squared coherences, which give the portion of total irradiance explained
by the combined effect of sunspotsand faculae. As canbe scen, the squared coherences change
asa function of frequency, indicating the changing patiern of the lincar a ssociation [36].

A s can be scen from Fig. s, more than 90% of the total variance of the ACIRRIM 1 total
hrradiance 1S explained by the combined effect. of sunspots and faculae for 1980, whereas only
about 73% of thietotal ACRIM 1 variance iS related to sunspots and faculae for solar mini-
mum, whenmost of the rotational variability of totalirradiance (about 80%) is related to the
bright magnetic features. In contrast, during solar maximum, the slimt-term changesin total
irradiance are controlled by sunspots; whereas faculac contribute to only about 10% [36]. The
lowest curves in the power specira of the ACRIM 1 total irradiance represent the variations
which remain unexplained after removing the effect of sunspots and bright magnetic elements.
A's can be seen, considerable variation remains unexplained at p(-:riods of b1, 27, 13.5,and 9
days, andtheamplitude of this residual variation is changing as a function of the solar cycle.
However, it isnot clear whether this residual variability is related to the uncertaintics in the
data and/orto additional solar eflects which arc not yet taken into account in the irradiance

models.

8.1.2. Resulls of Singular Spectruin Analysis

The above exercise demonstrates that before designing a model, the appropriate questions to

ask: (1) what is thenoise characteristics of the data and (2) how many variables are required

10
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to reconstruct the observed changes up to the measurcinent accuracy. An advanced statistical

method, “Singular Spectrum Analysis” (SSA) has been developed to study and understand
nonlincar and chiaotic dynamical systems [50] and it has been proven as a powerful method
to study irradiance changes [37]. SSA is based on Principal Component Analysis in the time
domain. The examined tiine series is augmented into anumber of shifted thme series up to afixed
valu ¢ M. The cornerstone of SSA is the spectral, i .C., cigenvalue  cigenvector, decomposition
of the M x M lagged covariance matrix which is composed of the covariances determined
between the shifted time series. The cigenvalues of the lagged covariance matrix compose the
so- called Singular Spectrum, where the cigenvalues are arranged in a ionotonically decreasing
order. The cigenvalues cut-ofl at a certain order, forming a “tail” in the spectrum which is
considered as the noise floor of the data. The number of cigenvalues above the noise floor
represents the degree of” freedomn of the variability, or inother welds, the statistical dimension
of the data, which is associated with the number of oscillatory components in the signal.The
highest cigenvalues represent the fundamental oscillations in the data and inmany cases they
arc related to the trend in the time series.

Results on SSA  arc illustrated in Fig. 6. Iig.  6a snows the Singular Spectra of the
SMM/ACRIM 1 (dots) andtheNimbus-7/ERB(diamonds)radiometers for 1980. The Singu-
lar Spectra of the ACRIMIand KRB irradiances are very similar and as many as 20 degrees of
freedom arc established above the noise level of the two sets of totalirradiance mcasurements.
The scatter plot diagram between the SMM /ACRIM 1 and Nimbus- 7/ERB irradiance is pre-
sented in ¥ig. Gb, which indicates the high correlation (r: 0.96) hetween the two datasets.
This confirms that the ERB instrument,’s accuracy was much better than the originally csti-
mated :f 0.50/0 [12] and for the time interval of 1980 the two different radiometers resolved the
same oscillations in total irradiance. Note that in 1980, during the normnal operational mode
of the SM M satellite, the measuring precision of ACRIM 1 was so high (:10.002%) that each
observed event had a solar, rather than instrumental, origin [51]

Unfortunately, in Jecember 1980 the solar pointing system of the SMM  satellite failed and it
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Singular Spectra of the ACRIM I and ERB Data
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the same time interval. The scatter plot diagram between the SCRIM 1 and ERB data is given

in IFig. Gb.
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was placed into the so-called “spin operational mode” until April 1984 when the solar pointing

system of the satellite was repaired by a space shuttle mission. During the spin operational
mod ¢ thie measuring precision of ACRIM 1 decreased by about a factor of & (fromn 0.002% to
0.01 %) [51]. The Singular Spectrum of the Nimbus-7/1R1B data (diamonds) is presentedin
)ig.7 for 1981, the squares inFig. 7 give the Singular Spectrum of the spin-mode ACRIM |
data in 1981. 'To comnparc the normal and spin operational mode of ACRIM1data, the clots
show the cigenvalues of ACRIM 1 for 1980. As shown in Ifig. 7, no significant change can be
recognizedbetweenthe Singular Spectra of the ACRI M 1 data for 1980 and the 1XR13 data for
1981. In contrast, the Singular Spectrum of the spinmode ACRIM 1 data is quite different, i.e,
the noise levelinercased significantly and only afew oscillatory components canbe resolved
{rom these data. Note that the correlation coceflicient between the KRB and ACRI M 1 data for
1981 is aso reducedtor: ().8(). The results presentedinIfig. 7 demonstrate that the change
m the ACRIM 1 Singular Spectra from 1980 01981 is not related to the changing level of
solar activity as the solar cycle progressed, but it has been reclated to the reduced measuring
accuracy and precision of the ACRIM 1 instrument during the spin operation mode of SMM
because of the lack of proper solar pointing and the lack of normal duty cycle of ACRIM 1
[62]. Unfortunately, the reduced accuracy and precision of the spinmode data imposca serious
constraint 011 thelong-termprecision of’ the entire ACRIM 1 database which makes it difficult
to study the change in the various oscillatory components of the ACRIM 1 totalirradiance as
afunction of solar cycle [53].

The most interesting aspect of SSAis the reconstruction of the examined time series above
the noise level and /or part of interest. The various oscillatory components in the examined time
series can be reconstructed as a projectionto the so-called “¥mpirical Orthogonal IF'unctions”,
which arc the cigenvectors of the covariance matrix [50]. The main oscillatory components
between periods of 1() to 51 days have been recoustructed for the norma operation mode of
ACRIM 1 data in 1980 (Fig. 8) and for the projected arcas of active (Fig. 9) and passive

sunspots (Fig. 1 (), respectively. As can be scen from Fig. 9,the first four eigenvalues in total
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brradiance represent the b0 and 25 days oscillations [36,45,46]. The first five cigenvalues in the
projected arcas of active sunspots represent the peaks at 50 and 25 days, which correspond to
the dips in the first four RCs of total irradiance. Since the oscillations at 50 and 25 days always
occur together, it is a strong indication that these periods arc harmonics of each other. These
two dominant oscillations are completely missing from the projected arcas of passive spots. In
that case the largest cigenvalue represents a 30-day variation, whit]] is the most pronounced in

the second part of 1 980, whenmany old regions occurred on the Sun [37].

3.2 Modecling Variations Over the Solar Cycle

Construction of long-term models of totalirradiance has been of highinterest because they may
help to understand the role of irradiance variations in climate changes[1 0]. in the discussion] to
follow we will address the question of the accuracy and limnitation of the current empiricalimodels
of’ totalirradiance. 'These arc extremely important issues which need attention, especially when
irradiance models arc extrapolated back to the time of the Maunder Minimum.

A particular model of totalirradiance is presented in ¥ig. 11, The dotted lines show the 81-
day running mecans of the modeled irradiance values calculated with multiple lincar regression
basedon the formula:y=a -i b X @ -1 ¢ X z, wherea, b, and ¢ are the regression cocflicients.
xrepresents the 1'S1 function, whereas z is the Mg c/w. y gives the best-fit linear rclationship
between total irradiance and sunspots as well as the bright magnctic elements represented by
the Mg c/w ratio. The model has been talc.ulatcd for the time interval of the SMM/ACRIM 1
mcasurements of 1980 to 1989 and it was exiended to the end of 1993, in a similar fashion as
described in [54] in order to compare the observed and predicted irradiance values.

The heavy line in Fig. 1 la shows the 81-day running means of the SMM/ACRIM 1 and
UARS/ACRIM 11 total irradiance. Note that in this case the ACRIM 11 data were scaled to the
ACRI M llevel via the intercomparison of the two ACRIM datascts with the ERI3 and ERIBS
irradiance measurements (adjusting factor =- 1.001 15) [16]. in Fig. 11 b, the adjusting factor
(1 .001 802) was calculated from the ICRB/ACR]M 1 and KRB/ACRIM Il ratios [14], yielding
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to higher ACRI M 11 values than p resentedinFig.  11a. The heavy line of Ifg. 1 1¢ shows
the 81-day running means of the Nimbus- 7/I'RB data. A's canbe scen from Fig. 11, there
is a rcasonably good agreement between the observed anid estimated irradiance val ues for the
declining portion of solar cycle 21 aud the rising portion of solar cycle 22 as well as for solar
minimum. 1 lowever, the regression models presented in Fig. 11 underestimate the observed
irradiance changes at. the maximum of solar cycle 21, similar to models based onthe Ca 11 K
index, He 1 lincat 7083 mn and the 10.7 cin radio flux [7,21 ,54,55]. At the maximmunn of solar
cycle 22, the predicted irradiance values also underestimate the Nimbus-7/15R13 irradiance as
wcll as the ACRI M 11 values when they are scaled to the ACRI M 1 level by means of the higher
adjusting factor [1 4]. In contrast, using the lower adjusting factor (1.001 15) [1 6], the ~m' dieted
and “measurcd” irradiar wce values matches cach other quite well.

It has been a long-debated (and still unresolved) issuc whether the unexplained variability
at solar maximum is related to instrumental ¢ ffects {21 ], uncertainty of the data andlimitation
of the modeling techniques [54,56,57], and/or it represents real variability related to additional
solar effects, such as surface temperature changes [20,29], radius changes (58], and/or large scale

motions {9].

3.2.1. Uncertaintics of Irradiance Measurements

It has been suggested that the discreancy between the observed and estimmated irradiance
in 1 W() was simply related to the degradation of the ACRIM 1 radiometer at the beginning
of its operation [21]. However, the difference between the A CRRI M 1 totalirradiance and its
regression models was about 300 ppin for 1980, which is almost one third of the peak-to-
peak irradiance change observed during solar cycle 21 [1 3]. The degradation of the ACRIM
1 radiometer over its 9.5 years operation was 600 Ppm, wh ich was corrected to a 50 ppmn
level throughthe so-called “phase operational mode” of the three cavities of the ACRIM |
instrument [1 3]. Note that the degradation of the radiometers is primarily caused by their

exposure to high energetic solar fluxes, such as KUV, UV, and particle fluxes. To control the



degradation, the ACRIM instruments consist of three cavities. The so-called “primary cavity”
observes the Sun continuously, whercas the two other cavities are exposed to the solar radiation
ouly frorn time to time. Intercomparison of’ the mecasured irradiance vaues by the primary and
“back-up” cavities makes it possible to minimize the degradation of the instrument [4,] 3,14,51].
Thercfore, the observed 300 PPM diflerence between the measured and modeled ACRIM 1 data
during 1980 is well-above the “calibrated * degradation of” the ACRIM 1instrument. Inaddition,
the Nimbus-7/ERD radiometer, during the second year of its operation, showed the same trend
as the ACRIM lustrument for 1980, indicating that the discrepancy between the estimated
and mcasurcd total irradiance is a rcal, rather thaninstru mental, effect

Unfortunately, wc do not have adequate knowledge about the variations intotal solar ir-
radiance at the maximum time of solar cycle 2°2. The observations of the SMM/ACRIM 1
radiometer ended its operation just before the mmaximum of solar cycle 22 and the ACRIM 11
obscrvations started aliost two years after the demise of the SM M satellite [1 4]. As illustrated
in Iig. 11, it isnot obvious howto scale the ACRIM 1 and ACRIMII data to thesame level
and what is the accuracy of this procedure. 1t has been shown that an 0.4 W /m? upward
drift occurred in the Nimbus-7/ERB data in the time frame of September and October, 1989,
which was followed by another drift with a similar amplitude between 1990 and 1993 [60,61].
The Nimbus-7/KR13 data have not yet been corrected for these drifts, which may explaint he
diflerence between the two adjusting factors [14,16] and the different levels of the ACRIM 11
data presented in Figs. 11 a and 11b, respectively. It must be underscored, on the other hand.
that (1) thelarge uncertainty of the ACRIM 1 data during thespinoperationalmode of SMM
[65], (2) the obvious discrepancy between the ACRIM 1 and BERB data during solar minimum
i 6], and (3) the“inwverse degradation” of the ACRIM 1] instrument [14] further complicate t he
calculation of the correct scaling factor between the ACRIMIT and ACRIM 11 measurements.
IFinally, the KRI3S instrument performs observations only on a biweekly basis [1 5,60], therefore
the ERBS totalirradiance variability may be highly effected by the effect of sunspots, especially

during solar maximum. This may introduce additional uncertaintics into the adjustment of the
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UARS/ACRIM 11 data to the SMM/ACRIM 1 level.

5. 2. 2. Limatation of the Irradiance Models

13esides the instrumental probleins and the described uncertaintics in the data, wc must
also consider that the empirical modeclsfail at solar maximum because of a change in how the
solar atinosphere responds to the presence of strong magnetic fields sustained over the 2 3
years of solar maximum. The cmpirical regressionmodels derived from full disk surrogates
of’ totalirradiance provide only agencralin formation onthe observed irradiance variations
and they arc controlled by the ascending and descending phases of’ the solar cycle and not by
the mutual behaviour of the various measurements during solar maximum [56). In addition,
thietiine series of solar imradiances cither space-borllc or ground-based surrogates can be
regarded as “pscudo-periodic” signals with variable spectra] properties (e.g. change of periods,
amplitudes, and phascs) [36,61]. Thercfore, it may be that we do not have the same empirical
transformations between total irradiance andits surrogates, such as the Ca 11 K, 10.7 cin radio
flux,1le | linc at 1083 nmin, and the Mg c/w ratio at solar maximum as during the periods when
the emerging magnetic flux is both low and changing steadily at the beginning and the end of
the solar cycle [56]). As shown by the results of SSA (Figs. 6,7), there arc many oscillatory
components in total solar irradiance, whercas the Current_empirical models are based only on
three components: the quiet Sun, active regions and the magnetic network components.

In addition to the simplicity of the currently used mmodeling techniques, one of the largest
obstacles of proper irradiance modeling is the lack of lollg-term adequatce spatially resolved data.
Theirradiance monitoring experiments observe the Sun as a star, therefore they cannot reveal
the underlying physical mechanisms. Toidentify the causes of the observed irradiance changes,
onc needs to study big]) resolution and high precision solar images. The largest constraints in
irradiance modeling is the poor record of the photospheric faculae. 1 3ccause of this, the cflect
of faculac is modeled by chromospheric surrogates, such as the Ca 11 K plages, Mg c/w ratio,

Helline at 1083 nm, 10.7 cm radio flux, although more than 90% of the total solar flux is
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cemitted from the photosphere. 1lowever, the conversion factor between the area and intensity
of’” photospheric faculac and chromospheric plages is not known, the center-to-limb behaviour of
the contrast of white light faculac is quite different than that of the plages [62]. The variability
of the 1 le-line and the 10.7 cinradio flux is rather complex and both indices have coronal
contributions which are not present in total irradiance [63]. About 15% of the variations inthe
He-line is related to dark filaments [6G4], and the eflfect. of filaments is aso present in the Ca 11
K and Mg 11 lincs. A considerable variation of the 10.7 cin radio flux is related to the strong,
magnetic fields of sunspots, especially during high solar activity conditions, whercas another
part is due to the ¢ flect of’ weaker fields of plages [63]. Inaddition to the complexity of’ the
variations of these indices, they are full disk indices, therefore they provide no information
about the temporal and spatial distribution of various magnctic feat ures causing i rradiance
changes.

It,also must be noted that the term of the active network is too large and not well-defined
and its contribution to irradiance changes has not be identified quant itatively. In addition, the
quict-Sun component stillmmust be separated. It is not yet clear whether there is a slow secular
change both in the network and/or globally in the Sun [56]. As mentioned before, the sunspot,
models used inirradiance modcling have also considerable constraints, such as the lack of high
precision measurements of the arca and position of sunspots, theinaccurate knowledge of the

change of the contrast of sunspots as a function of their evolution and the solar cycle.

4 Conclusions

Mecasurements of the solar energy output and understanding its variability are extremely im-
portant since they provide information about the physical processes in, below, and above the
solar photosphere. On the other hand, the terrestrial implication of the changes in the solar
clectromagnetic flux is essential, since the major portion of the solar energy output rcaches the

troposhere and the Karth’s surface and oceans, and its long-term changes may be responsible
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for slow chimate changessuch as produced the ] ittlelee Ages. Thercfore, long-term and high
precision measurements of’ total irradiance are essential to study and understand the climate
impact of solar irradiance variability.

Mecasurcments of total irradiance fromn space over the last two decades convinced the skeptics
that the solar energy output is not constant but it varies over a wide range of periodicities, and
most of" the observed changes arc associated with the solar magnetic activity [6,7,8]. Although
considerable information exists on solar irradiance variability, the underlying physical processes
are not yet underst ood. 1 3ccause of the lack of’ quantitative physical models of total irradiance
variability, one has to rely on empirical models developed from surrogates of solar magnetic
activity. 1lowever, one has to keep in mind that the physics of the formation of the solar
radiationintegrated over the entire spectrumand the used magnetic surrogates is not identical,
the current irradiance models can cstimate total irradiance with only a few percent of accuracy
[57] which is less than suflicient to reconstruct and predict long-term irradiance changes based
on the current empirical models of total irradiance, especially back to the time of the Maunder
Minimum.

Unfortunately, the current irradiance database dots not have either the long-term precision,
which is required to study the solar induced climate changes. As described in this paper, there
arc no accurate mcasurcinentsof total irradiance at the maximum of solar cycle 22, andno
correct procedure has been developed to adjusting the SMM/ACRIMIand UARS/ACRIM 11
time series. ‘1'hcrcf’ore, inspite of the fact that the sl)acc-borne irradiance observations cover
almost two solar cycles, these measurements do not provide sufficient information to establish
the amplitude of the change in total irradiance between solar maximum and minimum - the
two extrema of the activity cycle which arc the most determining factors in the changes of the
terrestrial climate.

IFinally, it must be emphasized that global eflects, such changes in the differential rotation
inthe solar interior, a solar dynamo magnetic field near the bottom of the convective zone,

and/or large scale convective cells may aso produce long-term changes in the solar luminosity
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[8]. If that isthe case, we Will not be able to reproduce the changes in total irradiance from
the surface manifestations of solar magnetic activity. Observations of global solar parameters,
such as the solar diarneter and the frequency changes of solar p-mode oscillat ions may provide
additional tool to study and understand irradiance changes. However, as described throughout
this paper, there is more than enough cvidence that neither theory nor the empirical models
can replace direct irradiance measurements. Therefore, to continue the direct, uninterrupted
observations of total irradiance with high precision and accuracy is inevitableinthe following
decades.
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